Intestinal bacteria play an important role in animal health. They extract and process nutrients present in their host's diet, help to develop their host's immune system, and recycle organic compounds, water, and minerals. The gut bacterial diversity is poorly known in wild animals. This study is the first description of the diversity of bacteria along the whole intestine of a wild bird (Passer domesticus). Pyrosequencing of the 16S rRNA gene unveiled a high bacterial diversity, distributed in 11 bacterial phyla. The most abundant groups were Proteobacteria and Firmicutes. Bacterial diversity was greater in the upper section of the intestine and decreased toward the final portion of the gut. After a conservative denoising of the sequences, we found 4,436 OTUs in the gut of P. domesticus. Our data shows that the diversity of intestinal bacteria in the gut of wild birds is much larger than what had previously been estimated using fecal samples.
Introduction
The gastrointestinal tract of animals is a complex ecosystem influenced both by the intrinsic characteristics of the animal's gut, and the ensemble of bacteria, Archaea, protozoa, and fungi that dwell in it [30, 63] . All these microorganisms are present in immense numbers and are collectively known as the gut microbiota [5, 74] . The microbiota is involved in many functions like synthesis of vitamins [41, 52, 59] , enzymatic digestion [30, 33, 57] , nutrient, salt and water recycling [46, 63] , and activation of the host's immune system [2, 26, 68] . Despite the importance of bacteria in the gut microbiota, little is known about its diversity and functional role inside intestinal ecosystems of wild animals [44, 45, 59] .
The study of intestinal bacteria has been limited by our capacity to cultivate them under laboratory conditions [65] .
This problem was partly circumvented by the use of molecular approaches like the sequencing of 16S rRNA genes [6, 34, 76] , which allows the identification of the bacteria present in different environmental samples [27, 67, 77] . In the last decade, many authors have used 16S rRNA genes to describe the bacterial diversity in the gut of some mammals [16, 33, 45, 50, 53, 66, 77] , while bacterial diversity in wild birds has been described mostly using Ribosomal Intergenic Spacer Analysis (RISA) [6, 39, 72] . These studies suggest the existence of a large bacterial diversity in the gastrointestinal tract of mammals and birds, with the principal bacterial phyla being Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, Fusobacteria, and an uncultivated group known as TM7 [34, 53, 77] .
Given the complex structure and diverse functional roles of the gut (digestion, nutrient recycling, waste production, etc.), it is crucial to obtain samples from the whole gastrointestinal tract to understand the real dimension of gut bacterial diversity. Additionally to bacterial diversity, it is important to know the functional role of the bacteria in each region of the gut. The difficulty, and ethical implications related to sampling the different intestinal sections has resulted in the frequent use of fecal matter as an indicator of the intestinal microbiota. However, gut bacteria are poorly represented in fecal matter [15, 59, 71, 77] , limiting the information that fecal material provides on the bacteria present in the gut mucosa [15, 59, 77] , and does not allow for a description of changes in bacterial communities along the different sections of the gut. It can be assumed that microbiota changes along the intestinal tract because of the biochemical and morphological differences that can be found in the different sections of vertebrate intestines [41, 59] . Thus the main objectives of this study were to describe the bacterial intestinal communities of House Sparrows (Passer domesticus) captured in the wild, and to portray the existence of changes in the bacterial communities along the whole length of the intestine, including the cloaca. This is the first work to describe the changes in bacterial communities in the different sections of the intestine of a wild bird using molecular methods.
Material and methods
Our work was conducted with permission from the National Institute of Ecology (INE), Mexico, and approved by Animal Care and Use Committee of Ecosystems Research Center (CIEco), National Autonomous University of Mexico (UNAM). Sample size was reduced due to ethical considerations related to the need to sacrifice wild birds to conduct our study.
Sample collection
We explored the intestinal bacterial diversity by sampling the whole intestines of two female individuals of P. domesticus. Birds were captured using mist nest in the gardens of CIEco, UNAM, campus Morelia, located in West Mexico (19°39 00 north latitude and 101°14 00 west longitude). To avoid contamination from bacteria present in the bird's food, we kept the two captured birds in cages for two and a half hours without food prior to tissue collection. Because gut-passage times in this species are long for a bird of its size (120-140 min) [9] , this procedure allowed us to ensure that the intestines were empty at the moment of tissue collection. Birds were euthanized with ether and their intestines were immediately removed, dissected, and frozen in liquid nitrogen while the tissue was still fresh (birds were euthanized in conformity with Mexican laws and the codes of practice included in the guidelines for the use of wild birds in research). To ensure that no changes in bacterial communities occurred after the bird's death, the whole tissue collection protocol was conducted in less than five minutes. Intestines were divided and kept in a sterile phosphate buffer solution (Na 2 HPO 4 0.1 M and NaH 2 PO 4 0.1 M, pH 7.4) and stored in a laboratory at −70°C until processing.
Because it is not possible to identify each intestinal section (ileum, jejunum, duodenum, and hind gut) without help of a stereoscopy, and doing a correct morphological identification takes time and implies conducting several cuts in the tissue [30, 55, 57] , we decided to divide the intestine in three fractions of similar size (Upper section-the section contiguous to the stomach: Up; medium section: Md; and Lower section-the final section containing the cloaca: Lw). By doing so, we reduced the possibility of contamination of our samples by external bacteria, and limited the changes in the intestinal bacterial communities that occur due to the modifications of the intestinal ecosystem that follow tissue death. While the three sections of the intestine we analyzed do not correspond directly with the intestine functional parts, they allowed us to describe changes in microbial communities along a gradient of intestinal function where digestion and absorption of nutrients decreases, and water absorption and waste management increases toward the cloaca [30, 57, 63] . While the first two sections of the intestine (Up and Md) represented portions of the small intestine, the last one (Lw) included a part of the small intestine, the large intestine, and the cloaca due to the small size of both the large intestine and the cloaca in this species.
DNA extraction from gut samples
We extracted DNA using a modification of the method proposed by Nordgård et al. [51] . Briefly, each intestinal region was dissected longitudinally, washed, and macerated with a plastic pestle in saline solution (0.85% NaCl and 0.1% Tween 80) to remove unattached bacteria from the gut walls, and to collect the bacteria in the intestinal content. The upper phases were collected. This process was repeated for three cycles followed by low speed centrifugation (4,500 rpm for 5 min) to remove the larger particulate matter. Upper phases were collected and centrifuged at 12,000 rpm (15 min). The supernatant was eliminated and the pellet was resuspended in 1 mL of TE buffer (10 mM Tris-Cl and 5 mM EDTA pH 8) containing β-mercaptoethanol (5 μL/mL). The samples were frozen and thawed, alternating between 5 min immersion in liquid nitrogen and 8 min at 65°C for five cycles, and then centrifuged to separate broken and unbroken cells. The pellet (with the unbroken cells) was eluted in 0.5 mL of lysis buffer (0.2 M NaOH, 2 mg/mL lysozyme, and 1% SDS), macerated, and kept at room temperature for 5 min. This process was repeated twice. Washes containing both lysed and suspended cells were combined after the DNA extraction and 1 μL of RNase was added. This was followed by three repeated extractions with phenol-chlorophorm-isoamyl alcohol (25:24:1) and the DNA was precipitated with ice-cold 96% ethanol [49] . All samples were stored at −70°C until the PCR amplification step. This was followed by a secondary PCR reaction using the primers 16S 27F (5 -AGAGTTTGATCMTGGCTAG-3 ) and 16S 533-R (5 -TTACCGCGGCTGCTGGCAC-3 ) in which a different barcode primer was used for each sample (Table 1 ) [25] , using the same PCR conditions. Finally, the PCR products were purified using the MinElute PCR Kit (Qiagen). Adapters were added after the libraries were constructed. Pyrosequencing was performed using a Roche FLX GS-Titanium at the National Laboratory of Genomics and Biodiversity, Cinvestav, Mexico.
Sequence analysis
Each one of the three intestinal sections was analyzed separately. Sequences below 200 bp were removed from the analysis. AmpliconNoise was used to eliminate the effect of sequencing errors, PCR single base substitutions and PCR chimeras [54] . Sequences were clustered in Operational Taxonomic Units (OTUs at 97% of DNA sequence identity), which is the consensus threshold for species boundaries [75] , using CD-Hit [35] , the pipeline of RDP [13] , and Mothur [60] . We reported the number of OTUs from our samples obtained by these three algorithms. For taxonomic assignment, the partial sequences of 16S
rRNA genes corresponding to the E. coli gene position 7-500 were analyzed using the RDP's Pyrosequencing Pipeline [70] with an 80% confidence threshold. All sequences analyzed belonged to the Bacterial Division, and we were able to assign most of them to genera, for which assignment reliability was estimated to be over 97% [36] . We used rarefaction analysis, from the RDP pipeline, to compare bacterial species richness between individuals and among intestinal sections. This analysis computes species accumulation curves based on the repeated resampling of all clusters. Rarefaction curves represent the statistical expectation for observed accumulation curves [24] , enabling the comparison of the statistically expected species richness of each community at the same sampling effort or abundance [48] .
Because our sampling methods allowed us to detect changes in bacterial diversity along the gut, we decided to use analytic methods from the field of community ecology to compare the structure of the bacterial communities from the different sections of the House Sparrow gut. To do this, we used Whittaker plots [40] , also known as rank/abundance plots. This method describes communities of organisms based on the abundance of the different taxonomical groups present in a community. The shape of the linear relationship between abundance and rank of the taxa represents different models of resource usage [40] , and its slope indicates the level of dominance among different communities [40] . To compare the rank/abundance plots of the bacterial communities, we used analysis of covariance (ANCOVA).
Because we were unable to identify enough bacteria at the species level to compare among intestine sections, we conducted our analysis at the level of genus. We compared the bacterial communities in the gut of P. domesticus at two levels: for individual (gathering all sequences) and between intestinal sections of individuals. We compared among sections of the gut to determine if bacterial communities changed along the gut. To compare among intestinal sections, and due to the fact that each sample had a different number of sequences, we used the minimal number of sequences present in a sample, and randomly, selected the same number of sequences from the other samples. We expected bacterial communities to be simpler and more dominated toward the end of gut, because the diversity and abundance of nutrients becomes reduced toward the cloacal region [30, 63] . Finally, we compared the bacterial diversity of the same intestinal section of the two House Sparrows.
Bacterial diversity and species richness were estimated by the Chao1 Index using the program EstimateS [13] included in the pipeline of RDP. Chao1 estimates total species richness as follows:
where S obs is the number of observed species, n 1 is the number of singletons (species captured once), and n 2 is the number of doubletons (species captured twice) [12] . This index is useful for data sets skewed toward the low-abundance classes, as in the case of intestinal bacterial [28] . Another measure of α-diversity is the Shannon Index. We estimated this index using the program EstimateS [13] included in the pipeline of RDP. The index is expressed as follows:
where S is the number of species, p i is the proportion of individuals of the specie i with respect to all individuals (relative abundance of specie i: n i /N ), n i is the number of individuals of specie i, and N is the number of individuals of all species [14] .
Additionally to α-diversity, we used β-diversity (the partitioning of biological diversity among environments or along gradients, e.g., the number of species shared between two environments) [48] . We compared the beta diversity between individuals and between intestinal sections using a presence/absence dissimilarity index (Simpson β SIM ). This index is given by the formula
where A corresponds to the number of shared genera between two samples, B and C represent the number of unique genera in the sample one and two, respectively, while "min" is the minimum value of restricted genera in the compared samples. This index shows maximum values (high diversity) when the percentage of shared genera is low, and the percentage of gains/losses between gut sections are similar [18, 31] . Because β SIM is an index of dissimilarity, we reported our results as 1 − β SIM to show similarity. The sequences obtained were deposited in the MGRast server ID 4521283.3. All of them were deposited in a unique file, and every sample was labeled as PD1Up, PD1Md, PD1Lw, PD2Up, PD2Md, and PD2Lw before the ID of each sequence.
Results

Bacterial diversity at the individual level
The number of total sequences varied between the two birds sampled. For individual 1 (PD1) we obtained a total of 59,467 sequences, while for individual 2 (PD2) the number was lower (20,152, Table 1 ). The Cd-Hit analysis showed 4,436 and 1,404 OTUs for PD1 and PD2, respectively. The analysis of the RDP indicated that the sequences of PD1 were grouped in 7,589 OTUs, while in the individual 2, we found 2,639 OTUs. Finally the Mothur analysis showed that the number of OTUs were 4,430 for PD1 and 1,545 for PD2 (Table 1 ). Rarefaction analysis showed that the bacterial species richness for the two individuals at the same number of sequences was higher in PD1 than in PD2 (Figures 1(a)  and 1(b) ).
The analysis from the RDP's pipeline showed that the House Sparrow gut presented 11 bacterial phyla: Acidobacteria, Actinobacteria, Aquificae, Bacteroidetes, Chlorobi, Cloroflexi, Cyanobacteria/Chloroplast, DeinococcusThermus, Firmicutes, Planctomycetes, and Proteobacteria. In both individuals, gut bacterial communities were dominated by Firmicutes and Proteobacteria (between 48.02% and 48.97%, and between 60.44% and 36.56% of all sequences, resp., for PD1 and PD2; Figure 2 ). Other phyla were present in smaller numbers (representing between 3.01% and 3.02% of all sequences).
We found that the number of families identified for each individual was higher in PD2 than in PD1 (105 and 100 bacterial families, resp.; Table 1 ). We found that the gut of P. domesticus was dominated by the same bacterial families in both individuals: Propionibacteriaceae (Phylum Actinobacteria); Carnobacteriaceae, Lactobacillaceae, and Streptococcaceae (Phylum Firmicutes); and Burkholderiales incertae sedis, Comamonadaceae, Enterococcaceae, Enterobacteriaceae, Moraxellaceae, Pseudomonadaceae and Sphingomonadaceae (Phylum Proteobacteria). The vast majority of the bacterial families were represented only by a few bacterial sequences.
Finally, the pipeline's RDP analysis identified a total of 367 genera of bacteria for individual 1 and 248 for bacterial diversity in the gut of the House Sparrow should be even higher than the numbers we reported.
The value of the Shannon Index for PD1 was 7.431; while for the individual 2 it was 6.2955. These values indicate that the bacterial communities of the gut of both individuals had a high bacterial diversity. The bacterial communities are constituted by a large number of species with low abundances (Figure 4 ).
Changes in bacterial diversity along the gut
Our data showed that the number of sequences and OTUs varied among the three intestinal sections of the gut. The number of OTUs for each intestinal section was variable for each individual (in both analyses, Table 1 ). We summarized the information on bacterial diversity for all the different taxonomic levels in Table 1 .
Because the number of species that can be found in a sample increases with sample size [40] , and since we obtained different numbers of sequences for the different sections of the gut of our two House Sparrow individuals, we used a common method to balance our sample size in order to conduct appropriate comparisons among the different intestinal sections [40] . We used the number of sequences from the section with the lowest number of sequences as our baseline sample size (1,152 sequences from PD2Lw). Then, we randomly selected the same number of sequences from each one of the other gut sections. These procedures allowed us to have an identical sequence size, and bypass any bias caused by differences in sequence number [40] . When we compared the bacterial diversity of the different sections of the gut, we found a clear reduction of diversity toward the final portion of the gut ( Table 1 ). The comparison of the number of OTUs at the same number of sequences among sections of the gut showed that the total number of bacterial species differed in each of the intestinal sections (P < .05; 44; Figures 1(a) and 1(b) ) [39] . We also found that the number of bacterial genera was larger in the first section of the gut, intermediate in the middle section, and lower in the final section for both individuals (Figures  3(a) and 3(b) ).
The RDP's pipeline indicated that the intestinal communities of the gut were composed basically by Firmicutes and Proteobacteria, and a large collection of phyla were poorly represented ( Figure 2) . Together, the two main phyla made up to 95.85% and 99.65% of all the bacteria in all intestinal sections for individuals 1 and 2, respectively. The percentage of Proteobacteria was higher in the first section of the gut, and decreased toward the end of the gut, while the percentage of Firmicutes was lower at the gut's beginning, and increased toward the end of the gut in both individuals (Figure 2) . Bacterial communities were similar along the different sections of the intestine, with the most abundant bacterial genera being present in all the sections of the intestine. The same genera dominated the bacterial communities along the gut, with the exception of the lower section of individual 2, which had bacterial communities with a composition that differed (Figure 3) .
When we analyzed bacterial community structure using the rank/abundance curves, we found that in each intestinal section of the gut the bacterial communities of both individuals were dominated by a small number of genera represented by a high number of sequences, while the great majority of the genera were represented only by few sequences (Figures 3(a) and 3(b) ). We found that 16 bacterial genera dominated the different sections of the The most diverse and less dominated communities were present in the upper intestinal section, and the less diverse and more dominated communities were found in the lower section. The differences in the structure of bacterial communities can be explained by the availability of food resources along the intestinal ecosystem. Data was obtained using a threshold of 97%. gut (Figures 3(a) and 3(b) ), with the number of bacterial genera decreasing toward the cloaca. Bacterial communities were complex, diverse, and less dominated in the first intestinal section, becoming simpler, less diverse, and more dominated in the middle and lower intestinal sections (Figure 4) , suggesting that the bacterial diversity in the gut of this bird depends on the diversity and abundance of nutrients (Table 2) .
When we compared the same intestinal sections between the two individuals, we found notable differences. For the upper section of the gut, the number of Phyla, Orden, and Families were larger in individual 2 than in individual 1 (Table 1) , but the number of genera and OTUs were larger in individual 1 (100 vs. 71 genus, and 451 vs. 334 OTUs, resp., for individuals 1 and 2). The middle section of the intestine was similar in the number of Phyla, Orden, Families, and genera in both individuals, with the number of OTUs being larger in individual 1 (395 and 268 OTUs, resp., for individuals 1 and 2, with a similarity of 53%). Finally, the lower intestinal portion was similar in the number of Phyla, Order, families, and genera in both individuals (269 and 101 OTUs for individuals 1 and 2, resp.), with a similarity of 73%. The most common bacterial genera in each one of the intestinal sections of the House Sparrow gut are presented in Figures 3(a) and 3(b) . The comparison along the gut sections using β SIM showed that the bacterial communities of contiguous gut sections (upper and middle, and middle and lower) were more similar than those of not adjacent sections (first and final; Table 3 ). β SIM index showed that bacterial communities gain few bacterial families along the gut, with this pattern occurring in both individuals (Table 2) .
Discussion
Our results show that the number of bacterial species present in the gut of the House Sparrow is large with 4,436 specieslevel OTUs (from the CD-Hit analysis). Our study described the presence of a higher number of bacteria in the gut of a wild bird than those reported by previous studies for the gut of birds, some mammals, and even humans [16, 22, 32, 34, 62] . Because the analysis we used not only eliminated sequences that include chimera, homopolymer sequences, and sequences created by errors of pyrosequencing [56] , but also it removed some real bacterial sequences by its stringent criteria, we expect the total number of OTUs present in the House Sparrow's gut to be higher. Thus, the number of OTUs we report here is a conservative estimate of the bacterial diversity living in the gut of our study species. Even though our results are a demure estimate of the bacterial diversity present in the intestinal ecosystem of birds, our data conclusively shows that intestinal bacterial diversity in birds is much larger than previously thought [2, 74, 77] .
Bacterial diversity in the House Sparrow's gut
How can we explain this high bacterial diversity in the gut of a small granivorous bird? We believe that our capacity to make a better description of the gut bacterial communities of birds is related to the fact that we sampled the whole intestine, instead of using only fecal matter or cloacal swabs like in previous studies [15, 39, 58, 71] . In humans, for instance, it has been shown that the bacterial composition obtained from gut biopsies and fecal samples from the same individuals can vary enormously [15] . Because to sample the whole gut is technically complex, and/or requires sacrificing organisms, the use of fecal matter and cloacal swabs is the most common technique used to describe intestinal bacteria diversity in vertebrates [59, 74, 77] . Previous studies that used fecal matter, or cloacal swabs, reported numbers of OTUs for the gut of mammals and wild birds that are lower than our findings (between 93 and 281 OTUs). These numbers are similar to those we found in the last section of the intestine of the House Sparrow [23] . This suggests that the use of feces or cloacal swabs could only be detecting the bacteria present in the final portion of the gut instead of providing a good estimate of the whole gut bacterial communities.
The methods that we used to process our gut samples and extract DNA also could have played a critical role in allowing us to detect a higher bacterial diversity than previous studies. Inside the intestinal environment, bacteria species can get established as biofilm communities on the surface of the intestinal wall intimately attached to epithelial tissue, deeply embedded in the mucus layer overlaying the villi, free-living in the lumen, or colonizing the crypts and plica at the base of the villi [1, 42, 47, 55] . By using a homogenate of the complete intestine before extracting the DNA, we ensured the presence of bacteria from all the intestinal habitats.
Bacterial composition along the House Sparrow's gut
The bacterial communities present in the intestine of various animals are composed of at least 17 phyla of Bacteria [16, 34, 77] . Most of the gut bacterial communities described for mammals are dominated by Firmicutes and Bacteroidetes, and a low percentage of other phyla [16, 34, 62] . In birds, the dominant bacterial phyla are similar to those of other animals. Chicken guts are dominated by Firmicutes [62, 76] , while turkeys' intestinal communities can be dominated either by Firmicutes [37] or Bacteroidetes [62] . In the few wild birds that have been studied, bacterial communities were dominated by Firmicutes; however the second dominant phylum varied: Actinobacteria in Adelaide Penguins and Proteobacteria in Zebra-Finches [6, 8] . In the Hoatzin (Ophistocomus hoatzin) a folivorous bird with crop microbial fermentation [20] , the microbial community of the crop was dominated by Firmicutes and Bacteroidetes [20, 21, 22] while the bacterial communities of the foregut were dominated by Bacteroidetes and Actinobacteria, and contained a lower proportion of Firmicutes and Proteobacteria [21] .
In our study, we found that the gut bacterial communities of the House Sparrow were dominated by Firmicutes and Proteobacteria in similar numbers. Together these two groups comprise over 96% of all bacterial sequences in the complete gut. The dominance of Firmicutes and Proteobacteria in the intestinal bacterial communities has been reported for other birds like Zebra Finches [8] , as well as wild and captive parrots [73] . Because Proteobacteria is a group with a high functional diversity [29] , the dominance of Proteobacteria in the House Sparrow gut could be related to its omnivorous diet that includes seeds, insects, fruits, and a large diversity of human food scraps including meat [9, 11, 49] . This diverse diet provides bacterial communities with a high diversity of substrates.
The dominance of Firmicutes and Proteobacteria in the gut of the House Sparrow changed along the intestine. We found that in the first section there was a greater proportion of Proteobacteria, with this group decreasing its relative abundance toward the final region of the intestine, where Firmicutes represented a higher percentage of the sequences. While other studies indicate that the bacterial intestinal communities were dominated by Firmicutes (in the range of 22.6-100%) [3, 20] and Bacteroidetes (in the range of 1.1-56%) [19, 65] , our results show that Firmicutes is the dominant bacterial phylum in the second and third sections of the gut of House Sparrows (Figure 2) .
We also found that the bacterial community composition differed among gut sections (Figures 2(a), 3(a), and 3(b) ). We believe that this is the consequence of changes in nutrient diversity and abundance, and the different habitat conditions present along the gut. Within the intestine there is a gradient of diminishing nutrient availability with changes in pH, oxygen levels and rates of peristaltic movement [30, 57, 63] . While some of the habitat characteristics (like pH or oxygen levels) could have important effects on the bacterial communities, the reduction in the diversity and availability of metabolizable substrates along the gut is probably the reason for the decreasing diversity of bacterial genera and species along the gut of the House Sparrow (Figures 3(a)  and 3(b) ) [41, 55, 59] . Previous studies of the physiology of this species showed that the activity of intestinal enzymes decreased along the gut as a response of a reduction of nutrients [9] .
Functional role of bacteria in the gut
Bacteria are one of the most diverse groups of organisms taxonomically and functionally [10, 27, 56] . Bacteria have a great ability to metabolize various substrates and to change their metabolism depending on the substrates present in their environments [27, 37, 38, 56, 77] . For these reasons, it is difficult to assign a defined functional role to the different groups of bacteria that we found in the intestinal ecosystem of the House Sparrow based only on the description of its bacterial communities unless a metagenomic study is performed [7] .
Firmicutes is one of the most diverse and abundant phylum within the gastrointestinal tract of vertebrates. They include a wide variety of uncultured organisms, and it has been reported that some members of this phylum are able to degrade starch and cellulose [4] . Because the functional role of the majority of the Firmicutes is unknown, it is difficult to hypothesize the activities they execute in the intestinal ecosystem [77] . However, the genus Lactobacillus in the family Lactobacillaceae has been well studied in the past [37, 69, 77] .
We found that Lactobacillus was one of most abundant bacterial genera in the House Sparrows' gut (Figures 3(a)  and 3(b) ). The high abundance of Lactobacillus could be related to the capacity of these bacteria to metabolize starch, the main sugar present in the seed that this species eats [52] . Starch is a highly insoluble complex carbohydrate with an indeterminate molecular weight [52] . Lactobacilli can degrade starch into maltotriose, maltose, and glucose. These oligosaccharide and disaccharide are hydrolyzed to monosaccharides by enzymes located in the microvilli of intestinal cells, while the monosaccharide glucose is absorbed or transported directly to the blood [57, 63] . Although fermentation of starch produces less energy than its conversion to glucose by endogenous enzymes, microbial fermentation could be an advantage to animals on a high-starch diet [52] . While we did not sample the crop and stomach of the House Sparrow, our results indicate that the number of sequences on the genus Lactobacillus diminished toward the end of the intestine. This reduction in Lactobacillus abundance seems to be associated to the fact that most of the sugar digestion and absorption occurs in the first section of the intestine, limiting the amount of sugars that bacteria can use in the rest of the gut [43, 61] .
The other well-represented group in the gut of House Sparrows is the Proteobacteria. This phylum is the largest bacterial group, and represents an extremely diverse group, both at morphological and physiological levels [56] . However, the role of the Proteobacteria in the gut of birds is unknown and remains to be explored.
The presence of different bacterial species in the intestinal ecosystem does not guarantee that the hosts obtain a direct benefit from them, or that the bacteria are part of the intestinal ecosystem. It is often difficult to determine whether or not a particular microorganism is truly autochthonous to a particular host and provides it with some benefits [17, 69] . It is probable that some of the bacteria we found in the gut of the House Sparrow were only "hitchhikers" or originally acquired by accidental ingestion [64] , inherited as heirlooms, or acquired as accidental souvenirs [6, 64] . In our study case, we supposed that some intestinal bacteria are "hitchhiking" like Aquabacterium, Actinomycetes, and Cyanobacteria. However, most of the bacteria we found must be a part of the intestinal ecosystem, because they were represented by a relatively large number of sequences, and because we ensured that the intestines were empty before we collected our tissue samples.
Our study presents the first descriptive study of the composition of the bacterial communities that inhabit the whole intestine of a wild bird. It helps to understand the high diversity of bacteria present in the intestine of birds, and how this diversity changes along the different sections of the gut. Our results show that the bacterial diversity in the gut of a granivorous bird could be larger than 4,000 OTUs, and that bacterial diversity decreases toward the end of the intestine, providing evidence that the bacterial communities in the gut are more diverse than previously anticipated, and opening new courses of action to study the diversity and functional role of bacteria in the intestinal ecosystem.
